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DBPR Disinfectants and Disinfection Byproduct Rule 
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ABSTRACT 
INVESTIGATING THE EFFECT OF SYSTEM PRESSURE ON 
TRIHALOMETHANE POST-TREATMENT DIFFUSED AERATION 
John Zwerneman 
University of New Hampshire, May, 2012 
The current study has obtained removal data for the four 
major trihalomethanes (chloroform, bromodichloromethane, 
dibromochloromethane, and bromoform) in a bench-scale, 
batch diffused aeration reactor under system pressures of 
0-, 25-, 50-, and 70-psig. The removal data for each 
pressure was compared, and it is clear that trihalomethane 
air-stripping removals decrease with increasing system 
pressure. 
Trihalomethane removal data was also collected for a bench-
scale, continuous-flow diffused aeration reactor at 
pressures of 25-psi and 50-psi. A similar decrease in 
removals was observed at higher pressures for the 
continuous-flow system. 
A model was formulated that predicts Henry's Law Constant 
for each trihalomethane at various pressures commonly 
encountered in water distribution systems. This Henry's Law 
Constant was included in two existing models that predict 
removals of trihalomethanes for batch and continuous 
systems, and 95% of the predicted values were within 15% of 
the actual removal data, while the other 5% of the 
predicted values were within 24% of the actual data. 
xii 
1. INTRODUCTION 
1.1. History of Trihalomethane Regulations 
Trihalomethanes are a group of volatile organic chemicals 
that are a byproduct of the reaction of chlorine with 
natural organic matter in water [i.e. a disinfection 
byproduct (DBP)]. The U.S. Environmental Protection Agency 
(U.S. EPA) has recognized DBPs as likely human carcinogens, 
and has included the four major trihalomethane species in 
the National Primary Drinking Water Regulations, in 
addition to including other DBPs such as five haloacetic 
acid species, chlorite, and bromate. Even though these 
other DBPs are equally as important to consider in overall 
water treatment goals, the focus of this research is on the 
more volatile trihalomethanes. 
The four major trihalomethane species most commonly found 
in drinking water are chloroform (CHC13), 
bromodichloromethane (CHCl2Br), dibromochloromethane 
(CHClBr2), and bromoform (CHBr3). The U.S. EPA first 
regulated trihalomethanes in 1979 with the Safe Drinking 
Water Act (SDWA). Trihalomethane regulations remained 
untouched until amendments to the SDWA were made in 1996 
that required the U.S. EPA to reevaluate the control of 
DBPs. As a result, the U.S. EPA issued the Stage 1 
Disinfection Byproduct Rule (Stage 1 DBPR) and the Stage 2 
Disinfection Byproduct Rule (Stage 2 DBPR). 
Trihalomethanes are a major concern to many communities in 
the U.S. since approximately 64% of community ground water 
and surface water treatment facilities disinfect their 
1-1 
water with chlorine (USEPA 1997). In fact, an estimated 
3,000 treatment facilities nationwide are expected to make 
treatment changes due to the Stage 2 DBPR, with an 
associated cost of $79 million annually (USEPA 2005). 
A summary of the regulations contained in the Stage 1 and 
Stage 2 DBPRs can be found in Table 1-1, along with a 
comparison to the 1979 regulations. 
Table 1-1 
Summary of Trihalomethane Regulations 
1979 2011 
Total THM MCL 100 ppb 80 ppb 




Systems Required to 




(1) Average TTHM concentration of all sampling points in system 
(2) Average TTHM concentration of sampling points only with 
historically high concentrations 
(3) A public water system that serves at least 15 service 
connections used by year-round residents or regularly serves at 
least 25 year-round residents 
Overall, the current trihalomethane regulations are more 
stringent and encompass smaller communities that lack the 
experience and resources to deal with trihalomethanes. 
Keeping in mind that many water distribution systems are 
facing other challenges such as aging infrastructure and 
limited funding, in addition to ever-tightening water 
quality regulations, it is increasingly urgent to develop 
water treatment technologies to aid municipalities in 
achieving compliance effectively and efficiently. 
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1.2. Trihalomethane Treatment Approaches 
THM's are a byproduct of the chemical reaction between 
chlorine and naturally occurring organic matter (NOM), and 
this reaction is displayed in Equation ( 1 ). 
NOM +C12 <-» THMs ( 1 ) 
Three treatment approaches are commonly implemented in 
order to reduce THM's: 
1) Reduce NOM content in water prior to disinfection with 
enhanced coagulation or filtration. 
2) Minimize chlorine dosing, or use an alternate 
disinfection method altogether, e.g. chloramination. 
3) Reduce THM's post-treatment with aeration. 
1.3. Post-Treatment Aeration to Reduce Trihalomethanes 
Post-treatment aeration, or air-stripping, is one effective 
method utilized to reduce trihalomethanes after they have 
been formed during chlorination. Air-stripping systems can 
be implemented in a number of ways, including packed-tower 
aeration systems, spray aeration systems, and diffused 
aeration systems. Air-stripping systems attempt to provide 
sufficient contact between air and water in order to 
volatilize any dissolved substances capable of 
volatilization. 
Trihalomethanes increase with residence time in a 
distribution system since residual chlorine is given more 
time to react with natural organic matter present in the 
pipe network; therefore, trihalomethanes are highest in 
remote parts of community distribution systems. Since air-
stripping is a concentration-gradient driven reaction, 
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these remote locations are the same areas where THMs can be 
removed most efficiently. Many water treatment 
professionals are recognizing this and retrofitting water 
storage tanks in these remote locations with spray or 
diffused aeration systems. 
Systems without storage tanks in remote locations, however, 
are left with few options. A diffused aeration system 
capable of being placed under pressure and in-line within a 
distribution system could be a viable treatment alternative 
to these systems, offering direct treatment of "hot-spots" 
without de-pressurizing the system. However, the effect of 
system pressure on trihalomethane air-stripping has not 
been explored. 
1.4. Research Objectives 
The purpose of this research project is to contribute to 
the development of a novel water treatment technology that 
strips trihalomethanes with diffused aeration under 
pressures and water flows typically found in water 
distribution systems. Towards the development of this 
technology, the specific objectives of this research 
include: 
1) Identify the important environmental factors affecting 
THM removals in pressurized diffused aeration. 
2) Describe the effect of pressure on THM removals with 
pressurized diffused aeration. 
3) Predict THM removals in a pressurized diffused 




After consideration of Henry's Law and the Ideal Gas Law, 
it is expected that pressure will have a significant effect 
on the volatilization of trihalomethanes in a diffused 
aeration system. Keeping in mind that the capacity of water 
to dissolve gases increases with pressure, as system 
pressure is increased a greater concentration of 
trihalomethanes should remain in the dissolved-phase 
instead of volatilizing into the gas-phase. 
An observable effect of pressure on trihalomethane removals 
would necessitate pressure as a necessary design variable 
for pressurized aeration systems, in addition to the 
traditional design variables such as air/water ratio and 
temperature. The negative effect of pressure on 
trihalomethane removals will undoubtedly impact the 
feasibility and usefulness of pressurized diffused aeration 
systems in real-world implementations. 
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2. LITERATURE REVIEW 
2.1. Classification of Air-Water Contacting Systems 
The introduction of air into a water system can accomplish 
two objectives: 1) Air is dissolved in the water (i.e. 
aeration), and 2) Volatile compounds are transferred from 
the water to the air (i.e. air-stripping). In other words, 
aeration is typically referred to when the absorption of 
air into water is occurring, while air-stripping is 
referred to when the desorption of volatile substances from 
water to the air is occurring. 
Examples of typical air-stripping systems are displayed in 
Figure 2-1. Aeration or air-stripping systems can be 
classified into two categories, gas-phase contactors and 
flooded contactors. An example of a gas-phase contactor is 
a packed tower, which has a continuous gas phase and a 
discontinuous liquid phase. A flooded contactor, or bubble 
column, uses diffused aeration to introduce air bubbles 
into the system, creating a discontinuous gas phase and 
continuous liquid phase. Other types of air-stripping 
systems include spray aerators, surface turbines, and 
cascading tray aerators. Surface turbines are more common 
in wastewater applications than in drinking water 
applications. 
2.2. Design Considerations for Air-Stripping Systems 
Design considerations in any aeration system include water 
quality, environmental conditions, desired removal, 
available hydraulic head, access, ease of maintenance, 
capital cost, and operating cost (MWH 2005). 
2-1 
(g) 
Figure 2-1: Example Air-Stripping Systems: a) Spray, b)Forced-draft, 
c)Cascading, d)Packed tower, e)Bubble column, f)Diffused air sparger, 
g) Surface turbine (MWH 2005) 
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The focus of this research project, diffused aeration, is 
typically used to accomplish both aeration and air-
stripping. Diffused aeration is a relatively simple way to 
introduce air into water for either purpose. However, high 
levels of mixing inherent in diffused aeration systems 
limit removals, since more mixing results in lower 
concentration gradients. 
The factors that control the choice of an air-stripping 
system include the desired degree of removal and the 
affinity of the volatile compound for water (i.e. its 
ability to be stripped from water). Gas-phase contactors 
are typically used when a high degree of removal is desired 
or the compound has a high affinity for water (difficult to 
strip), while flooded contactors are typically used when 
low removals are desired (less than 90%) or the compound 
has a low affinity for water (easy to strip) [MWH, 2005], 
2.3. Advantages/Disadvantages of Diffused Aeration 
Diffused aeration systems are effective when low removals 
are desired or a contaminant has a low affinity for water 
(e.g. chloroform) [MWH, 2005]. Advantages of an in-line 
diffused aeration system include added energy to the water 
system, small space reguirements relative to thin-film and 
spray aerators, and flexibility of location. 
Disadvantages to diffused aeration stripping systems 
include limited removals due to high mixing, operation and 
maintenance costs of an air compressor and diffuser, the 
need to remove air from the piping system, and potential 
off-gas treatment requirements. Failure to remove dissolved 
air in the piping system can lead to problems such as 
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cavitation, vapor lock, increased friction losses, and 
milky water at consumer taps. 
2.4. Gas-liquid Equilibria 
2.4.1. Henry's Law 
For environmental engineering applications, Henry's Law 
describes equilibrium partitioning of a volatile compound 
between air and water. For a closed vessel that contains 
both air, water, and compound A in equilibrium, the 
following relation applies: 
A water +* A air ( 2 
Equation ( 2 ) describes the equilibrium condition that 
exists between compound A in its dissolved phase and its 
gas phase. In other words, at equilibrium there exists a 
constant proportion of compound A in its dissolved phase 
relative to compound A in its gas phase. For any 
equilibrium relationship there exists an equilibrium 
constant describing this proportionality. For air-water 
partitioning of volatile compounds, this equilibrium 
constant is known as Henry's Law Constant, H, which is 
defined by Henry's Law in Equation ( 3 ). 
jU „ 13 
u\ if1 water ) 
where {Aa±r} and {Awater} are the activities of compound A in 
air and water, and H is a dimensionless form of Henry's Law 
Constant, which is unique to each volatile compound and 
defines the partitioning of compound A between air and 
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water at equilibrium conditions. If we assume that the 
activity coefficient, y, is equal to 1.0 (which is a 
typical assumption for dilute aqueous solutions), then 
Henry's Law simplifies to the relationship involving gas-
phase and liquid-phase concentrations of compound A shown 
in Equation ( 4 ) , where [AAir] and [AWater] denote the 
concentration of compound A in the gas-phase and liquid 
phase, respectively. 
{^ Air } _ YA,Air lA Air L.Jd Air J 
{^ fValer } 7A ,Water Water Water ] 
Common forms of Henry's Law Constant found in engineering 
literature include two dimensionless forms and one 
dimensioned form. 
Dimensionless forms: 
r mg/ mol/ 
H =£ml= /l or /L,, ( 5 , 
c,, mg/Lorm°yL ° 
mol/ 
H Z = —ami = (_) ( 6 ) 
** X mol/ 
/mol 
where C is the concentration of compound i (mg/L or mol/L) 
in either gaseous (G) or liquid (L) state, and y and x are 
mole fractions of compound i (mol/mol) in the gaseous and 
liquid state, respectively. 
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Dimensioned form: 
v PT i ( ^ 
Hpc=^-L(atm*m3 Imol) 
Ca 
where yi and Ci/L were defined previously and PT is the total 
atmospheric pressure. With respect to mass balances, Hcc is 
the most convenient and therefore the most common form of 
Henry's Law Constant to be applied in the context of 
environmental engineering (Staudinger & Roberts, 1996). 
2.4.2. Two-film Theory 
Two-film theory is a commonly used approach to describe the 
transport of a volatile solute across an interface between 
two phases. The following explanation of two-film theory as 
it applies to air-stripping is adapted from MWH (2005), 
including Figure 2-2. 
As in any diffusion process, concentration gradients are 
the driving force for any transport to occur. Two-film 
theory models volatile solute concentration conditions at 
the interface between the bulk liquid phase (water) and the 
bulk gaseous phase (air) [see Figure 2-2]. This is done in 
order to describe the transport of solute from the bulk 
liquid phase to the bulk gaseous phase. 
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Bulk Air Phase Air Film Water Film Bulk Water Phase 
Air-Water 
Interface 
Figure 2-2: Two-film theory diagram (MNH, 2005) 
As seen in Figure 2-2, the bulk phases are joined by two 
films, a liquid film and a gas film, across which diffusion 
occurs. The concentration in the bulk liquid phase, CL, is 
higher than the concentration in the liquid film at the 
air-water interface, Cj. This serves as the initial driving 
force for volatilization. The concentration in the air film 
at the air-water interface, Cg, is different from the 
concentration in the water film at the air-water interface, 
Clf because volatile solutes partition themselves 
differently between their gas and liquid phases, according 
to Henry's Law. Henry's Law Constant, H, acts as a 
proportionality factor to describe this partitioning, and 
it can be used to relate Cj and Cg in the following way 
(Lewis and Whitman, 1924): 
CG = HC, ( 8 ) 
However, this relationship has limited use since measuring 
concentrations at the air-water interface is not practical. 
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Imposing two hypothetical situations on the two-film model 
allows the development of a more useful relationship. 
First, if all resistance to mass transfer across the air-
water interface is in the water film, then no concentration 
gradient exists in the air film. If a hypothetical 
concentration Ci exists as shown in Figure 2-2, then a 
relationship between cg and ci can be formulated: 
c G  = HC; ( 9 ) 
Similarly, if all of the mass transfer resistance is in the 
air film and a hypothetical concentration, cg*, exists, then 
a relationship between cg* and cl can be formulated: 
C L = H C L  <  1 0  >  
If it is again assumed that the liquid film resistance 
controls, then the overall mass transfer equation is 
written as: 
na =Kl (Cl -C;) ' 1 1 1  
where na is the mass flux of solute across the air-water 
interface (mg/m2*s) and kl is the overall mass transfer 
coefficient (m/s). Assuming there is no storage of solute 
in the films, all mass fluxes are equal to one another: 
where kg and ki are the gas and liquid phase mass transfer 
coefficients, respectively (m/s). 
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By relating concentrations in Figure 2-2 as follows: 
1 13 1 
then the following useful relationships can be formulated: 
_L__L _L ( 14 ' 
K, ~ K,+ HKG 
R /^ ( 15 ) 
N A = K [ \ C L -
From these relationships, the overall mass transfer 
coefficient can be calculated from the local mass transfer 
coefficients, which can be calculated using correlations; 
and the overall mass flux can be calculated using 
measurable concentrations. 
According to Equation ( 14 ), the overall mass transfer 
coefficient is a function of both the liquid-phase mass 
transfer coefficient and the gaseous-phase mass transfer 
coefficient; or in other words, the overall mass transfer 
of any volatile solute during air stripping is dependent 
upon the liquid-phase resistance and the gaseous-phase 
resistance. 
2.4.3. Modeling Air Bubble Transport 
As an air bubbles travels from a diffuser pore at the 
bottom of the reactor to the final exit at the top of the 
reactor, it undergoes a dynamic process involving small or 
large local changes in concentrations, pressure, 
temperature, and mixing. Munz and Roberts (1982) offer a 
mathematical model that describes the conditions of a 
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rising air bubble in a diffusion-type air stripping 
reactor. The following assumptions are made in the 
development of the model: 
1) The overall mass transfer coefficient, kl, is constant 
during the experiment. 
2) Equilibrium exists at the air-water interface and is 
described by Henry's Law. 
3) Gas flow rate and temperature remain constant. 
4) The reactor is well mixed. 
5) The local time rate of change in gas-phase 
concentration is negligible relative to the overall 
rate of change in gas-phase concentration of an air 
bubble as it rises from the bottom to the top of the 
reactor. 
6) The initial concentration of volatile solute in the 
gas stream is zero. 
Munz and Roberts begin with the continuity equation applied 
to the gas-phase concentration of a rising air bubble 




R T  y  + "A dz 
n± 
, R T  •y  
.HtL 
H  
PVK y- clh P  )  
( 16 ) 
where: P = Pressure, atm 
Vb = Volume of an air bubble, m3 
R = Universal gas constant =82.06*1CT6 atm*m3/mol*K 
T = Temperature, K 
H = Henry's Constant, atm*m3/mol 
y = Gas-phase mole fraction, mol/mol 
ub = Bubble rise velocity, m/min 
z = Submergence, m 
Ab = Bubble surface area, m2 
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By averaging ub, Ab, and Vb over the depth of the reactor and 
by substitution, a general expression is obtained for the 
gas-phase concentration as a function of reactor depth: 
CA=CLHCC\L-EXP(-T(ZS-ZJ)] (  1 
where: Hcc = Henry's Law Constant, dimensionless 
KLA» VL ( 1 
Hcc*Qc*zs 
zs = submergence at gas inlet, m 
QG = Gas flow rate, m3/s 
a = Specific surface area of gas bubbles, m2/m3 
VL = Liquid volume 
Equation ( 17 ) provides a way to quantify the extent of 
saturation of the gas-phase. Complete saturation of the 
gas-phase is necessary in order to accurately calculate 
Henry's Constant directly using a bubble column. 
2.4.4. Factors Affecting Henry's Law Constant 
Environmental conditions can drastically affect Henry's Law 
Constant. The most significant factor affecting Henry's Law 
Constant for environmental applications is temperature. 
Henry's Law Constant is estimated to increase by a factor 
of 1.6 for every 10°C over the ambient range (0-35°C) 
[Kavanaugh and Trussell, 1980], making it extremely 
temperature dependent. For this reason, it is crucial to 
consider the coldest possible operating temperatures when 
conservatively designing an air-stripping system. 
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Other environmental conditions that affect Henry's Law 
Constant include pH, solute concentration, the presence of 
other dissolved constituents, ionic strength, suspended 
solids, dissolved organic matter, and the presence of 
surfactants (Staudinger & Roberts, 1996). 
2.4.5. Estimating Henry's Law Constant 
Henry's Law Constant can be determined for a volatile 
compound using vapor pressure and solubility data (Leinonen 
et. al., 1971), or it can be determined directly with 
experimental measurements (Staudinger et. al., 1996). 
Direct measurements of Henry's Constants are preferred over 
calculating Henry's Constant using vapor pressure and 
solubility data because (1) measurements of vapor pressure 
and solubility are difficult and can be inaccurate, and (2) 
direct measurements more accurately represent actual 
environmental conditions experienced during treatment (Munz 
and Roberts, 1982). 
Mackay (1979) suggests a direct measurement method to 
determine Henry's Constants using a bubble column aerator. 
Essentially, the method consists of diffusing a known 
volume of air through a known volume of water and observing 
concentrations of the volatile compound over time. This 
method has been cited and used extensively (Roberts et. 
al., 1984; Staudinger et. al., 1996, Matter-Miiller et. al., 
1981; Munz & Roberts, 1982). 
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There are a number of assumptions about the aeration system 
in order to formulate a mathematical model of the stripping 
process: 
1) The system is isothermal. 
2) The liquid phase is well-mixed. 
3) The vapor behaves ideally. 
4) The volume of the liquid remains constant. 
5) The partial pressure of the solute is small compared 
to the total pressure. 
6) The solute in the exit vapor is in equilibrium with 
the liquid, or Henry's Law is obeyed. 
The representative model of the batch stripping process, 
whose derivation using a mass balance approach can be found 
in Mackay et. al. (1979), is: 
As long as the assumptions above are accurate for the 
experimental system, a plot of log concentration against 
time should be a line with a slope equal to (HCCQG/VL) . And 
since both the air flowrate and batch water volume are 
known, Henry's Law Constant can be calculated from this 
slope. An example plot for bromodichloromethane is 
displayed in Figure 2-3. 
( 19 ) 
where: Ce/Co = Remaining volatile solute 
Hcc = Henry's Law Constant, dimensionless 
QG = Air flowrate, L/min 
VL = Batch volume of water, Liters 
t = Time, min 
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Figure 2-3: Example time-concentration plot used in calculating Henry's 
Law Constant 
Matter-Mtiller et. al. (1981) models the batch aeration 
system in this way: 
rHCcQo" 
v VL j 
1-exp 
HCCQGJ\ 
(  2 0  )  
where: KLa = volumetric mass transfer coefficient, min" 
Two situations then exist 
1) 





»1, where it then follows that: 
C 
In 
'CF I vt 





-o / - ~Ki a* t 
(  2 2  
2-14 
The first situation represents complete saturation of the 
air, while the second situation represents a not nearly 
saturated gas phase. The first phase allows direct 
determination of Henry's Law Constant, and the second 
situation allows direct calculation of the volumetric mass 
transfer coefficient. 
It is important that the gas phase is completely saturated 
in order to allow the direct calculation of Henry's Law 
Constant for each of the trihalomethanes. Factors that 
affect the ability of the gas phase to reach saturation 
include the water column height and the air flowrate. Both 
of these factors affect the contact time each individual 
air bubble experiences, which ultimately affects its 
ability to be completely saturated with volatile solute 
upon detaching from the water surface. 
2.5. Modeling a Continuous Flow Reactor 
Matter-Mtiller et. al. (1981) suggests a mathematical model 
of a continuous flow reactor, where two cases similar to 
those of a batch aeration system of Equation ( 20 ) apply. 
1) When the gas phase is saturated: 
2) When the gas phase is far from saturated 
( 23 ) 
( 24 ) 
Q, 
where: QG = Air flowrate, L/min 
QL = Water flowrate, L/min 
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3. METHODS AND MATERIALS 
3.1. Experimental Design 
3.1.1. Pr&ssuriz&d Batch Aeration System 
A full factorial experiment and an analysis of variance 
(ANOVA) were performed with the bench-scale pressurized 
batch reactor in order to assess the effect of water 
pressure on trihalomethane removal by diffused aeration. A 
batch volume of 2.3-L was used with a height of 60 cm (see 
Appendix D: Experimental Apparatus Dimensions). 
In addition to varying system pressure, air flow rate and 
aeration time were also varied so that the effect of the 
air-water ratio at different pressures could also be 
investigated. The experiment included three levels of each 
of the three factors, so 27 trials in total were performed. 
The levels for each factor can be found in Table 3-1.The 
actual procedures followed for each of the 27 trials can be 
found in Appendix A: Pressurized Batch System Experimental 
Procedures. An additional run was performed at 7 0-psig and 
6-LPM air, but this run was not included in the ANOVA. 
Replicates of some air-water ratios were achieved with 
different air flowrates. For example, 3-L/min of air for 30 
minutes achieved the same air-water ratio of 39 as 9-L/min 
of air for 10 minutes. 
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Table 3-1 
Factor Levels in Experimental Design 
Resulting 
Air-Water 





20 min 25 psig 13, 26111, 39(1), 
50 psig 9 L/min 30 min 52,78<1», 117 
70 psig(2> 
Notes: 
(1) A/W achieved multiple times with different flow rates. 
(2) 70-psig results not included in full-factorial experimental 
design. 
3.1.2. Pressurized Continuous-Flow Aeration System 
The pressurized batch aeration system was modified in order 
to operate in a continuous-flow fashion. With the 
pressurized aeration system operating continuously, the 
effect of water flow rate and pressure on THM removals 
could be monitored. 
A THM-spiked challenge volume was pumped into the 
pressurized continuous-flow aeration apparatus and removals 
were observed by taking an initial concentration at the 
beginning and an effluent concentration after one and a 
half hydraulic residence times (water volume divided by 
water flowrate). Experimental procedures were followed 
according to Appendix C: Pressurized Continuous-Flow System 
Experimental Procedures, and the sampling points can be 
located in Figure 3-5. Values of the experimental variables 
for pressurized continuous-flow aeration experiments are 
displayed in Table 3-2. 
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Table 3-2 
Experimental Design for Pressurized Continuous-Flow Aeration 
Experiments 
Water Flowrate Air Flowrate Pressure Resulting A/W 
Ratio 





12 6 mL/min 71 
162 mL/min 56 
218 mL/min 41 
264 mL/min 34 
3.2. Statistical Methods 
Percent removal data may be normally distributed, unless a 
large amount of the data is near 0% or 100% removal. In 
this case, a natural limit to the data exists and the data 
will likely not be normally distributed. For this reason, 
statistical methods with assumptions of normally 
distributed data (such as the traditional analysis of 
variance) cannot be utilized. Distributions of percent 
removal data for the THM species are shown in Figure 3-1. 
Since many of the percent removals for chloroform and 
bromodichloromethane were between 90-100%, these data were 
far from normally distributed. For these data sets, a non-
parametric test (such as the Kruskal-Wallis one-way 
analysis of variance) must be performed in order to 
determine significance of factors. 
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Figure 3-1: Distributions of Percent Removal Data for (a) Chloroform, 
(b) Bromodichloromethane, (c) Dibromochloromethane, and (d) Bromoform 
For dibromochloromethane and bromoform, however, evenly 
distributed removals were observed that allowed the data to 
be closely normally distributed after a transformation of 
the data. After a transformation of the percent removal 
data, the traditional analysis of variance could be 
utilized to determine factor significance. Distributions of 
percent removal data for dibromochloromethane and bromoform 
after transformation are shown in Figure 3-2. Normal 
quantile plots produced by jmp® statistical analysis 
software were used to determine closeness of fit to a 
normal distribution. The line on the normal quantile plot 
denotes where the data would lie if it was exactly normally 
distributed. For the purposes of this analysis, the 
dibromochloromethane and bromoform transformed percent 
removal data were considered to be approximately normally 
distributed. 
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Figure 3-2: Distribution and Normal Quantile Plot of (a) 
Dibromochloromethane and (b) Bromoform Percent Removal Data 
After Transformation 
3.2.1. Traditional Analysis of Variance 
Analysis of variance (AN0VA) is the primary method used to 
determine whether a factor is significant, i.e. whether 
pressure, air flowrate, and/or aeration time are 
significantly correlated with trihalomethane removals 
during aeration. Statistical analysis software, jmp® 
version 8.0.2, was used to calculate ANOVA tables, 
including sums of squares (SS) and mean squares (MS). 
Beyond determining whether a factor was significant, a 
percent contribution to trihalomethane removal variations 
was calculated for each significant factor, according to 
the method developed in Ross (1988). To do this, a 
variable, ss', is defined as 
SS' = SS-dfxMSE, 
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where df is the degrees of freedom and MSE is the mean 
square error. The percent contribution then is 
%Contribution = SS' /SSTOTAL X 100, 
where SSTOTAL is the total sum of squares. ANOVA tables for 
dibromochloromethane and bromoform are given in Table 3-3 
and Table 3-4. The percent contribution field allows a 
comparison to be made between each significant factor. In 
all ANOVA, the experimental error was <15%, indicating that 
all relevant factors were considered, controlled, and 
overall experimental error was negligible (Ross, 1988). 
Table 3-3 
ANOVA Table for Dibromochloromethane 
SS df MS SS' IContribution to Variability 
Pressure 634 2 317 627 44.5% 
AirFlow 373 2 187 366 26.0% 
AirTime 336 2 168 329 23.3% 
Error 20 3.32 6.2% 
TOTAL 1410 26 
Notes: 
ANOVA was performed on omega-transformed data. 
Table 3-4 
ANOVA Table for Bromoform 
SS df MS SS' %Contribution to Variability 
Pressure 315 2 158 314 44.0% 
AirFlow 236 2 118 235 32. 9% 
AirTime 152 2 76 151 21.1% 
Error 20 0.495 2.0% 
TOTAL 713 26 
Notes: 
ANOVA was performed on omega-transformed data. 
A key assumption in performing an ANOVA is that the data is 
normally distributed. As discussed in the previous section, 
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only percent removal data for dibromochloromethane and 
bromoform after a data transformation approximately 
followed normal distributions, so ANOVA can only be applied 
to these data sets. The data transformation utilized is as 
follows: 
Q = 101og 
' p\ ( 25 ) 
X-p) 
where Q is the transformed data and p is the percent 
removal data (0 < p < 1.0). This is known as the omega 
transformation (Ross, 1988). 
3.2.2. KxusTza.l-Wa.llis One-Way Analysis of Variance 
The Kruskal-Wallis one-way analysis of variance is the non-
parametric equivalent of the traditional analysis of 
variance. In other words, the Kruskal-Wallis test 
determines significance of experimental factors on non-
normally distributed data. Percent contributions of factors 
to trihalomethane removal variations, however, cannot be 
computed with the Kruskal-Wallis test. 
As in a traditional ANOVA, a test statistic called a p-
value is calculated. The p-value is interpreted as the 
probability of the test statistic being more extreme than 
what is actually observed. If the p-value is sufficiently 
low (less than a significance level of 0.05), then the 
factor is determined to be significant. 
As mentioned in the previous section, percent removal data 
for chloroform and bromodichloromethane are not normally 
distributed, so these data sets will be analyzed 
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statistically with the Kruskal-Wallis one-way analysis of 
variance. 
3.3. Experimental Apparatus 
3.3.1. Bench-Scale Pressurized Batch Reactor 
The following is a list of the major components of the 
bench-scale pressurized batch reactor: 
• 3.0-L Reactor: 0.75-m length of 7.5-cm ID/9.0-cm 
OD clear PVC and 2 stainless steel end caps with 
rubber compression gaskets 
• Air Diffuser Stone - Aquatic Eco-Systems, Inc. 
Sweetwater Air Diffuser Model #ALS8 
• Proportional Air Relief Valve - Swagelok RL3 
Series 
Other components that are required to operate the apparatus 
include an air compressor and a peristaltic pump. All 
components of the apparatus are connected by 1/4" stainless 
steel pipe and 3/8" flexible air hose, and operation 
involves the manipulation of multiple ball valves and the 
monitoring of a rotameter and a pressure gauge. 
A schematic of the apparatus can be found in Figure 3-3, 
and a labeled picture is displayed in Figure 3-4. 
Procedures followed during operation of the apparatus can 
be found in Appendix B: Pressurized Batch System 
Experimental Procedures. Actual dimensions of the 
pressurized batch aeration apparatus can be found in 














Figure 3-3: Pressurized Batch Aeration Apparatus and Process Schematic 
1) Peristaltic Pump 
2) Porous Diffuser Stone 
3) Ball Valve 
4) Air Flow Rotameter 
5) Proportional Air Relief Valve 
6) Filter Holder 
7) Pressure Gauge 
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Figure 3-4: Pressurized Batch Aeration Apparatus 
3 - 1 0  
3.3.2. Bench-Scale Pressurized Continuous-Flow 
Reactor 
The same general setup of the pressurized batch aeration 
apparatus was used for the pressurized continuous flow 
aeration apparatus, except with minor adjustments as 
depicted in Figure 3-5. The adjustments made to the 
pressurized batch aeration apparatus to make water flow 
continuously include: 
• Adding a H" inlet pipe for water at the top of the 
apparatus that extends to slightly below the water 
surface, and connecting the peristaltic pump to this 
inlet pipe. 
• Adding an initial concentration sampling port just 
before the spiked water enters the apparatus. 
• Removing the internal sampling port within the 
apparatus. 
• Adding a water effluent pipe at the bottom of the 
apparatus, fitted with a gate valve for adjusting 
water effluent flowrate. 
Actual dimensions of the pressurized continuous flow 














Figure 3-5: Pressurized Continuous Flow Aeration Apparatus 
1) Porous Diffuser Stone 
2) Gate Valve 
3) Ball Valve 
4) Air Flow Rotameter 
5) Peristaltic Pump 
6) Proportional Air Relief Valve 
7) Filter Holder 
8) Pressure Gauge 
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3.4. Trihalomethane Stock Solution Dilution 
In order to produce a consistent concentration of 
trihalomethanes in each challenge volume, a stock solution 
of trihalomethanes was created. The target stock solution 
contains 1.0-L of methanol and 1.0-g/L total 
trihalomethanes, comprised of 40% chloroform and 20% each 
of bromodichloromethane, dibromochloromethane, and 
bromoform by weight. Previous work has shown that 
dissolution of volatile organics in methanol has no 
significant effect on volatility (Munz & Roberts, 1982). 
The stock solution was then separated into one hundred 10-
mL vials so that a new vial could be used for each 
challenge volume. Each challenge volume consists of 4.0-L 
of de-ionized water and 1-mL of trihalomethane stock 
solution, resulting in 250-ppb total trihalomethanes (100-
ppb chloroform, 50-ppb bromodichloromethane, 50-ppb 
dibromochloromethane, and 50-ppb bromoform). Detailed 
procedures for the stock solution dilution can be found in 
Appendix E: THM Stock Solution Dilution Procedures, and the 
chemical reagents used are shown in Table 3-5. 
Table 3-5 
Chemical Reagents 
Reagent Abbrev. Vendor Serial # 
Methanol MeOH Fisher Scientific A452-1 
Chloroform CHC13 Sigma-Aldrich 650471-1L 
Bromodichloromethane CHC12Br 
Fisher Scientific AC16070-0100 
Acros Organics 160700100 
Dibromochloromethane CHClBr2 
Fisher Scientific AC19554-0100 
Acros Organics 195540100 
Bromoform CHBr3 
Fisher Scientific AC22069-0250 
Acros Organics 220690250 
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3.5. Henry's Law Constant Determinations 
3.5.1. Utilized Form of Henry's Law Constant 
As discussed in the Literature Review section, alternative 
forms of Henry's Law Constant exist. Throughout the course 
of this thesis, one of the dimensionless forms of Henry's 
Law Constant is utilized: 
where cirg and cirl are the gas and liquid phase 
concentrations of compound i on a volume (e.g. mg/L) basis, 
respectively. 
3.5.2. Calculation of Henry's Law Constants 
A direct experimental approach was used to calculate 
Henry's Law Constants for each trihalomethane at various 
pressures. This method was developed by Mackay (1979) and 
is discussed in more detail in the Literature Review 
section. Fundamentally, the concentration of each 
trihalomethane is monitored over time in a bubble column, 
and from a time-series of concentrations the Henry's Law 
Constant can be calculated for each trihalomethane and 
pressure. The governing equation is: 
( 27 ) 
where: Ce/Co = Remaining volatile solute 
QG = Air flowrate, L/min 
VL = Batch volume of water, Liters 
t = Time, min 
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3.5.3. Tempera.ture Adjustments to Henry's Law 
Constant 
Air stripping treatment was performed at temperatures 
varying between 22°C and 28°C. Adjusting of Henry's 
Constants was performed using a form of the van't Hoff 
equation (Staudinger & Roberts, 1996): 
iog(//„r)=/i-! 
For adjusting to 20°C, Equation ( 28 
The temperature dependent relationship constant, B, is 
unique to each volatile compound. Nicholson et. al. (1984) 
performed batch aeration experiments to experimentally 
determine both B and HCCr2o°c• These values are found in Table 
3-6. 
Table 3-6 
HLC Temperature Dependent Relations (Nicholson et. al.,1984) 
HCC,20°C X 10"J B 
CHC13 121 2131 
CHC12Br 64.2 2135 
CHClBr2 35.2 2135 
CHBr3 18.0 2335 
3.6. Trihalomethane Analytical Methods 
All trihalomethane analytical work was performed by a third 
party, Eastern Analytical, Inc. (EAI), located in Concord, 
NH. During all analyses, EAI adhered to EPA Method 524.2: 
Measurement of Purgeable Organic Compounds in Water by 
) reduces to: 
( 29 
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Capillary Column Gas Chromatography/Mass Spectometry. EAI 
is an accredited analytical laboratory in all New England 
states including NELAC accreditation. 
EAI was able to detect each THM in concentrations as little 
as 0.5-ppb. Each day, laboratory controlled standards of 
10-ppb were used to ensure that the machine read ±20%, as 
per the requirements of the method. Surrogate removals of 
4-Bromofluorobenzene and 1,2-Dichlorobenzene-d4 were 
utilized as performance monitors throughout each analysis. 
3.7. Quality Assurance/Quality Control 
Noxma.liza.tion of Resultant Concentrations with Percent 
Removal 
From the repetition of the same challenge volume dilution, 
it is clear that there is little variation in 
trihalomethane concentrations within the same day, but more 
variation between different days (see Table 3-7). Therefore 
it is concluded that there is some variation due to factors 
after the volume is diluted, as opposed to variations 
within the stock solution itself or in the dilution 
procedures. These factors could include travel conditions, 
conditions during analysis, or analyst conditions. Since 
these factors are out of the investigator's control and it 
is not feasible for all experiments to be performed on the 
same day, normalization of the analysis results is desired 
so that comparison between results on separate days can be 
performed. To normalize the resultant concentrations after 
aeration, percent removals of each trihalomethane species 
are calculated as in Equation ( 30 ). Instead of comparing 
concentrations directly, the percent removals will be 
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compared as long as initial concentrations do not vary too 
drastically. 
Table 3-7 
Results from Repetitions of Same Dilution 
Concentrations, ppb 
Date of Analysis Sample ID CHC13 CHC12Br CHClBr2 CHBr3 
4/4/11 
1-Rl 103 55 44 44 
1-R2 102 55 45 43 
2-Rl 104 57 45 44 
2-R2 103 57 46 44 
3-Rl 100 55 45 43 
3-R2 104 58 46 45 
4/20/11 
4-CO-Before 118 65 52 50 
5-CO-Before 122 67 55 58 
6-CO-Before 120 65 52 51 
7-CO-Before 120 65 51 49 
%Removal = 
( C / \ ( 30 ) 
VC I x 100 \ / ^0 
where: Ce = Final concentration, mg/L 
C0 = Initial Concentration, mg/L 
Accuracy of Aeration Time Correction 
In order to conserve time and material, the use of a multi-
sampling method was used. Taking samples from the reactor 
decreased the volume of water in the reactor, which changed 
the ratio of air to water for the system. In order to still 
achieve target air-water ratios, a correction to the 
aeration times was utilized. Based on calculations, it was 
estimated that for every sample taken, 30 seconds should be 
subtracted from the uncorrected sampling time for each 
sample withdrawn prior to the current sampling time (i.e. 
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since samples are desired at 10, 20, and 30 minutes, 
sampling was actually performed at 10, 19.5, and 29 
minutes). 
In order to assess the accuracy of the aeration time 
correction, four separate challenge volumes of -250 ppb 
TTHM were created. The first volume was aerated for 30 
minutes and samples were withdrawn at 10, 19.5, and 29 
minutes (multi-sample method). The other three volumes were 
each aerated for 30 minutes also, but only one sample was 
withdrawn at 30 minutes (no decrease in volume before 
sampling). If TTHM removals at the final sampling time (29 
or 30 minutes) were equal between the multi-sample method 
and the three controls, then it was assumed that the air-
water correction factor is accurate and the multi-sampling 
method is acceptable for subsequent trials. The results of 
this investigation can be found in Table 3-8. 
Table 3-8 
Aeration Time Correction Factor Results 
% Removal 
CHC13 CHC12Br CHClBr2 CHBr3 
Multi-Sample Method, 29 min 95.2% 81.5% 61.5% 44.0% 
Control 1, 30 min 93.3% 79.1% 61.8% 50.0% 
Control 2, 30 min 95.2% 81.5% 61.5% 45.0% 
Control 3, 30 min 95.1% 81.5% 60.8% 42.9% 
Average 94.7% 80.9% 61.4% 45.5% 
St. Dev. 0.9% 1.2% 0.4% 3.2% 
From the results in Table 3-8, the multi-sample method 
removal is either equal to or within 1% of at least two of 
the controls for TTHM and all THM species. Therefore the 
correction to the aeration time is sufficiently accurate 
3-18 
and the multi-sample method is suitable for use in 
subsequent trials. 
Losses Daring Equilibration of Dissolved. Air in Sample 
Since the solubility of air increases with pressure, 
aerating batches of water at elevated pressures for 
extended periods of time resulted in dissolving a maximum 
amount of air in each volume. Samples had to be stored at 
atmospheric pressure, so equilibration of the dissolved air 
occurred for each sample as it de-pressurized. This was 
done by sampling into a 125-mL Erlenmeyer flask initially, 
and then letting the sample sit to equilibrate with the 
atmosphere. Dissolved air would come out of solution during 
this time and rise to the top. The sample would typically 
equilibrate well within 1--minute. The sample was then 
transferred to a 40-mL headspace vial with an autopipetter. 
During the process of de-aerating the sample, additional 
trihalomethane removals could have occurred; however, this 
was seen as unavoidable since de-pressurization had to 
occur. The removals are assumed to be negligible, though, 
considering the brief period of time that the bubbles 
traveled through the sample. 
Losses Due to Exposure to Atmosphere 
Due to the volatility of THMs, their prolonged exposure to 
the atmosphere could result in losses. In order to ensure 
that removals during 30 minutes of aeration is due to the 
aeration and not the exposure to the atmosphere, a 
challenge volume was pumped into the reactor, and one 
sample was taken immediately while another sample was taken 
30 minutes later. No removals of any THM species were 
observed during this time period. Therefore, any removals 
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occurring during 30 minutes of aeration are due to the 
aeration. 
Cross-Contamination Between Subsequent Trials 
It was necessary to ensure that trihalomethanes were not 
carrying over in the experimental apparatus between 
subsequent trials in order to verify that the cleaning 
procedures were adequate. To investigate THM carry-over, an 
experimental run with a typical THM challenge volume was 
performed. After the experimental run, the apparatus was 
cleaned and rinsed as specified in the procedures. De-
ionized water was then pumped into the apparatus and 
allowed to sit for 5 minutes before a sample was taken. 
Total contact time including pumping was 15 minutes. Any 
THMs present in this sample would be from carry-over from 
the previous run. Each THM was found to be less than the 
detection limit of 0.5-ppb in this sample; therefore 
significant carry-over between runs was not occurring and 
cleaning procedures were adequate. 
3.8. Tracer Study 
An investigation into the mixing conditions within the 
continuous flow reactor was performed using an inert 
tracer, sodium chloride, at a concentration of 100 mg/L. 
The tracer was applied as a slug of 300 mL for varying 
water flowrates. The effluent tracer concentration was 
measured periodically using a conductivity meter. Full 
procedures for the tracer study can be found in Appendix J: 
Tracer Study Procedures, and all obtained tracer data is 
recorded in Appendix K: Tracer Study Data. 
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As shown in Figure 3-6, mixing performance of five 
different water flowrates was observed at 50-psig and 9-
L/min air. The tracer concentration and time were 
normalized into the exit age distribution and normalized 
time by following the procedure in MWH (2005) Chapter 6-6. 
From visual inspection of Figure 3-6, it is clear that as 
the water flow rate decreases, mixing increases. 
1.0 T 
0.9 
—»-9LPM Air, 90mLPM Water 
-»-9LPMAir( 150mLPM Water 
-*-9LPM Air, 200mtPM Water 
-*-9LPM Air, 250mLPM Water 








0.00 1.00 1.50 2.50 0.50 2.00 
Normalized Time, 0 
Figure 3-6: Tracer Study Results at 50-psig and 9-L/min air 
Mixing increases as water flow rate decreases likely due to 
the fact that, for the same turbulent air flow conditions, 
a smaller volume of water is able to be mixed at a higher 
rate than a larger volume. The aeration occurring within 
the reactor at 9-L/min air is essentially providing a high 
rate of mixing for all water flow rates, but the results in 
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Figure 3-6 show a small difference in mixing for the 
different water flow rates. 
A high rate of mixing means the reactor exhibits a behavior 
of a continuously mixed reactor, which means lower removals 
for a concentration gradient driven reaction such as THM 
air-stripping. However this is unavoidable since high rates 
of mixing are characteristic of all diffused aeration 
systems. 
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4. RESULTS AND DISCUSSION 
4.1. Pressurized Batch Aeration 
4.1.2. Influence of Temperature Conditions 
Temperature was monitored before pumping into the reactor 
and after 30 minutes of aeration. All batch experimental 
challenge volumes were 28°C before pumping and 22°C after 
30 minutes of aeration. Since all batch experiments were 
performed over the same range of temperatures, individual 
batch experiments can be compared to one another with no 
question of validity. For purposes of Henry's Law Constant 
calculations, it is assumed that the system remained 
isothermal at 25°C. 
4.1.2. Analysis of Variance 
Percent removals were calculated for each pressure-air 
flowrate-time combination for each trihalomethane from the 
raw data in Appendix F: Raw Experimental Data. The percent 
removal data can be found in Appendix G: Percent Removal 
Data. An analysis of variance was performed on each of the 
trihalomethanes to determine which of the experimental 
factors (system pressure, air flow rate, and/or aeration 
time) had a significant effect on their percent removals. 
As discussed in the Methods and Materials section, 
chloroform and bromodichloromethane percent removals do not 
follow a normal distribution, so the non-parametric 
Kruskal-Wallis test was utilized to analyze the variances 
of these data sets. Dibromochloromethane and bromoform 
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percent removals, however, do approximately follow a normal 
distribution, and a traditional ANOVA was used to analyze 
the variances of these data sets. 
A summary of the percent contributions of each factor on 
dibromochloromethane and bromoform removals is shown in 
Table 4-1 and Figure 4-1. Percent contributions of each of 
the factors to removals can only be computed with the 
traditional ANOVA, so this information is not shown for 
chloroform and bromodichloromethane. Only factor 
significance can be determined with a non-parametric test, 
and this information is indicated in the table for both 
chloroform and bromodichloromethane. Full ANOVA tables can 
be found in Appendix H: Analysis of Variance. 
The analysis of variance suggests that system pressure, air 
flowrate, and aeration time all have a significant effect 
on percent removals for each trihalomethane during 
aeration, since all p-values were below the significance 
level of 0.05 and percent contributions to 
dibromochloromethane and bromoform removals were well above 
zero including error. 
The traditional design variable in aeration systems is the 
air/water ratio, but this ANOVA shows that for pressurized 
systems, pressure is at least equally as important of a 




ANOVA Results - Factor Significance and Percent Contributions 
Contribution to Removal 
CHC13 
Pressure N/A1 
Air Flowrate N/A 
Aeration Time N/A 
CHC12Br 
Pressure N/A 
Air Flowrate N/A 
Aeration Time N/A 
CHClBr2 
Pressure 44.5% ± 6.2% 
Air Flowrate 26.0% ± 6.2% 
Aeration Time 23.3% ± 6.2% 
CHBr3 
Pressure 44.0% ± 2.0% 
Air Flowrate 32.9% ± 2.0% 
Aeration Time 21.1% ± 2.0% 
Notes: 
(1) N/A indicates that percent contribution computation was not 
possible with utilized non-parametric statistical method, but 
factor was still significant at 0.05 significance level. 
I CHCIBr2 
iCHBrB 
Pressure Air Flow Rate Aeration Time 
Figure 4-1: ANOVA Results - Percent Contributions 
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4.1.3. THM Removals 
The air flowrate and aeration time were combined to make 
the air/water ratio in order to show its effect on 
removals. Removals with the same air-water ratios but 
different air flowrates (e.g. 3-LPM for 30-min and 9-LPM 
for 10-min both achieve an air-water ratio of 39) were 
compared in order to assess the option of collapsing each 
of these removals with equal air/water ratio's into a 
single average removal and error. This comparison can be 
seen in Figure 4-2. 
By visually comparing removals for equivalent air/water 
ratios in Figure 4-2, it is clear that there is pairing 
occurring between different air flowrates that achieve the 
same air/water ratio. Therefore, each of these pairs were 
combined to create a single average and error for that 
air/water ratio and pressure. Figure 4-3 displays the 
resulting air/water ratio versus percent removal data with 
equivalent air/water ratios collapsed into a single average 
and error. Figure 4-4 displays the same information for 
total trihalomethanes in order to show performance relevant 
to regulation compliance. 
The collapsing of equivalent air/water ratios into averages 
and standard deviations allows a simpler comparison between 
different pressures and air/water ratios by combining the 
air flow rate and aeration time factors into a single 
variable, the air/water ratio. The air/water ratio is also 
a more generic variable that can be applied to any sized 
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Figure 4-4: Effect of A/W ratio and pressure on removals of Total THMs 
- with grouping 
In addition to simplifying comparisons, the similarity of 
equivalent air/water ratios validates the air-phase 
saturation assumption, which is discussed in the following 
section. 
4.1.4. Validity of Aix-Phase Saturation Assumption 
The inherent assumption in using Mackay's batch aeration 
method to calculate Henry's Law Constant is that 
equilibrium exists at the air-water interface (i.e. the 
bubbles are saturated before they detach from the water), 
thus allowing the application of Henry's Law. This 
assumption is validated in the experiments of this report 
by observing the similarities in removals between different 







The same removal of chloroform, for example, was observed 
by aerating at 3-L/min for 30 minutes and at 9-L/min for 10 
minutes. In each case, the same total volume of air was 
passed through the liquid. For the same removal to occur, 
these volumes of air that came in contact with the liquid 
must have taken up the same amount of chloroform. If the 
maximum amount of chloroform was not taken up by either of 
the flowrate conditions, one would expect the 9-L/min 
airflow conditions to produce a lesser uptake of chloroform 
since the same volume of air is sent through the water at a 
much faster rate (i.e. less contact time). But a similar 
removal was observed. Since similar initial concentrations 
existed throughout all experiments, the volume of air for 
both flowrates took up the most chloroform possible; or in 
other words, equilibrium conditions exist for both the 3-
L/min and 9-L/min flowrate conditions and Henry's Law is 
applicable. 
4.1.5. Experimental Henry's Law Constants 
Henry's Constants at varied pressures were calculated using 
a direct approach discussed in Mackay et. al. (1979). A 
summary of the results for each trihalomethane, pressure, 
and airflow rate can be found in Appendix I: Calculation of 
Henry's Law Constants. Whenever multiple Henry's Law 
Constants were available, an average and standard deviation 
were calculated. Table 4-2 displays the resultant Henry's 
Law Constant for each trihalomethane and pressure at the 
experimental temperature of 25°C. 
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Table 4-2 
Experimentally Determined Hcc's at 25°C , xl0~3 
0-psi 25-psi 50-psi 70-psi 
CHC13 163 (1! 69.9 ± 0.849 45.6 ± 1.30 39.3'11 
CHCl2Br 100(1> 39.5 ± 2.75 25.2 ± 1.62 22.5(1) 
CHClBr2 57.0 ± 2.79 21.9 ± 1.66 14.6 ± 0.833 12.4 U) 
CHBr3 28.0 ± 4.34 11.6 ± 1.26 7.86 ± 0.899 8 . 01 m 
Notes: 
(1) Standard deviation was not obtainable because only one data point 
could be achieved. 
As a quality control check, experimentally determined 
Henry's Law Constants at atmospheric pressure were compared 
to published atmospheric Henry's Law Constants in Table 
4-3. The atmospheric Henry's Law Constants calculated from 
the current experiments are within published ranges of 
values, when taking into consideration the standard 
deviations of the experimentally determined values. This 
verifies that experimental methods are adequate in 
calculating Henry's Law Constants for the trihalomethanes 
of interest. 
Table 4-3 
Atmospheric H cc's at 25°C, xlO 3 
Literature(1) Experiments 
CHC13 83.6 to 273 163 
CHCl2Br 65.0 to 117 100 
CHClBr2 34.1 to 56.1 57.0 ± 2.79 
CHBr3 17.8 to 29.3 28.0 + 4.34 
Notes: 
(1) Sanders (1999) 
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4.1.6. Influence of Pressure on Henry's Law Constant 
As noted in a previous section, Equation ( 31 ) represents 
the performance of the batch air-stripping process in terms 
of Henry's Law Constant, air flow rate, water volume, and 
time. 
'<%) Vl ( 31 ) 
"" ' Qc> 
In order to determine the effect that system pressure has 
on Henry's Law Constant, it is helpful to observe which 
components of Equation ( 31 ) are influenced by pressure. 
These components influenced by pressure would, in turn, 
influence Henry's Law Constant. It is clear from the ideal 
gas law, 
PVG = NRT (  32  )  
where P is pressure of the gas, VG is the volume of the gas, 
n is the number of moles of the gas, R is the universal gas 
constant, and T is the temperature, that the number of 
moles of gas per unit volume is a direct function of 
pressure. So the dissolved concentration, Ce, is a function 
of pressure also. 
Knowing that pressure is influencing at least one variable 
of Equation ( 31 ), a second order equation of the form, 
1  1  
-KP HCC HCCFI 
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where hcc is the dimensionless Henry's Law Constant at 
system pressure, p, hcc,o is Henry's Law Constant at 
atmospheric pressure, and k is a rate constant, can be used 
to relate Henry's Law Constant to pressure. 
In order to check the second order influence of pressure on 
Henry's Law Constant, trends of system pressure with 1/HCC 
were observed. Judging from Figure 4-5, the trend of system 
pressure with 1/HCC was very closely linear. A first order 
influence was also checked by observing trends of system 
pressure with the natural log of Henry's Law Constant, but 
a linear trend was not observed. It was determined, 
therefore, that the relationship between Henry's Law 
Constant and system pressure is approximately second-order. 
A second variable that pressure impacts in Equation 
( 31 )was not immediately clear, but the only other 
possible variable that pressure could impact is the air 
flow rate, QG, since the compressibility of water is 
negligible. However, since all air flow measurements were 
normalized by measuring the effluent air flows which were 
all at atmospheric pressure, there can only be an influence 
on the air flow within the reactor at the micro-scale or 
the influence of pressure on the dissolved THM 
concentration is squared. In any case, it is clear from the 
linear trends of Figure 4-5 that the relationship between 
pressure and Henry's Law Constant is approximately second-






Figure 4-5: Pressure and Hcc Second-Order Relationship Check 
It is worth noting that these calculations were performed 
with Henry's Law Constant data at 20°C, but the k values 
should be equivalent between any two temperatures since 
temperature transformations of Henry's Law Constants are 
also linear. 
Having formulated the general relationship between pressure 
and Henry's Law Constant, it is now necessary to determine 
the rate constant, k, for each trihalomethane, which is the 
slope of the lines in the pressure vs. 1/HCC plot. In order 
to formulate an initial model that can be validated with 
existing data, only experimentally determined Hcc's for 0-
psi, 50-psi, and 70-psi were included in the initial 
calculation of the rate constants, k (25-psi data 
excluded). All available data will be included in a final 
model calibration later in this section. 
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Table 4-4 





Having the rate constants for each trihalomethane, 
Equation ( 33 ) can then be used to calculate Henry's Law 
Constants at various pressures for each trihalomethane. 
Figure 4-6 displays (i) A curve of predicted Henry's Law 
Constants from Equation ( 33 ) with rate constants 
calculated from only 0-psi, 50-psi, and 70-psi data and 
(ii) the 25-psi data left out of the calibration. It is 
clear that the predicted 25-psi Henry's Law Constant is 
very close to the actual 25-psi Henry's Law Constant. 
14D • 
Predicted 
• CHCI3 Actual I 
O CHCI2Br Actual j 
• CHC»r2 Actual j 
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Figure 4-6: Hcc Prediction Model Validation 
In order to formulate final rate constants including all 
available data, the rate constants calculated in Table 4-4 
CHC12Br 
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without 25-psi data were re-calculated to include the 25-
psi data. These final values of rate constants shown in 
Table 4-5 are considered the most accurate values to be 
used in predictive models, since they include all available 
data. Figure 4-7 displays the final predictive model, 
including all available data. 
Table 4-5 
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Figure 4-7: Hcc Prediction Model, including all available data 
Figure 4-7 shows the predicted model values and the data 
with which the model was calibrated. This comparison does 
not show the ability of the model to predict actual 
removals; however, the ability of the model to predict 
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actual data will be demonstrated with continuous-flow data 
in a later section. 
Experimentally determined Henry's Law Constants at elevated 
pressures is a novel finding of this research, since 
Henry's Law Constants at atmospheric pressure are typically 
the only values of interest. However for pressurized 
aeration systems, Henry's Law Constants at elevated 
pressures are a necessity. Having a model to predict 
Henry's Law Constants at elevated pressures provides a 
design tool to engineers, preventing them from having to 
conduct laboratory experiments to determine Henry's Law 
Constants of interest. 
4.1.7. Batch THM Removal Predictions 
The batch stripping process has been modeled extensively by 
other researchers (e.g. Brooke, 2011) with the method 
derived in Mackay et. al. (1979): 
Equation ( 34 ) can be represented in percent removal form: 
( 34 ) 
where: QG = Air flowrate, L/min 
VL = Batch water volume, Liters 
t = Aeration time, min 
\ ( 35 ) 
%Removal =l-exp 
V vL 
t x 100 
/ 
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For demonstration, the actual 50-psi batch removal data is 
compared to removals predicted by Equation ( 35 ) in Figure 
4-8. Experimentally determined Henry's Law Constants from 
Table 4-2 were used for the model predictions. 
For brevity, batch model predictions for atmospheric, 25-
psi, and 70-psi are not shown, but similar trends were 
observed. Analysis showed that only one predicted removal 
differed from the actual removal by more than 15%. The 
predicted values are not independent of the actual values, 
since the predictive model was calibrated with the actual 
data. For this reason, it is necessary that this model be 









i • Actual 
| Predicted 
Figure 4-8: Batch Model Predictions versus Measured Removals as a 
Function of A/W Ratio at 50-psig (similar trend observed for other 
pressures) 
4-17 
4.2. Pressurized Continuous-Flow Aeration 
4.2.1. Influence of Temperature Conditions 
Challenge volume temperatures during continuous-flow 
experiments were 24°C before pumping and 22°C after 
aeration. For comparison and modeling purposes, it is 
assumed that the system remained isothermal at 23°C. 
Experimentally determined Henry's Law Constants adjusted to 
23°C are displayed in Table 4-6. 
Table 4-6 
Experimental „ly Determined Hcc's Adjusted to 23°C, xlO 3 
0-psi 25-psi 50-psi 70-psi 
CHC13 146 62.6 40.8 35.2 
CHCl2Br 89.5 35.3 22.5 20.2 
CHClBr2 51.0 19.6 13.0 11.1 
CHBr3 24.8 10.3 6.95 7.09 
4.2.2. THM Removal Data for Continuous-Flow System 
Five runs each of pressurized continuous-flow aeration were 
performed at 25-psi and 50-psi with THM-spiked challenge 
volumes. Some variation in trihalomethane initial 
concentrations was observed throughout the 25-psi and 50-
psi continuous-flow experiments. A summary of this 
variation is displayed in Table 4-7 and Table 4-8. Percent 
removals were calculated with each initial concentration, 
and an average and standard deviation were calculated from 
these values. 
Percent removals achieved at varied air/water ratio's (air 
volume divided by water volume) for both the continuous-
flow and batch systems are displayed in Figure 4-9. It is 
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clear that there is a difference in removals at the same 
pressure and air/water ratio between the batch and 
continuous flow systems as depicted in Figure 4-9. 
Therefore the same predictive model cannot be utilized for 
both, suggesting that a continuous-flow THM removal 
predictive model needs to be developed. 
Table 4-7 
Initial Concentration Measurements of 25-psi Continuous Flow 
Experiments (in ppb) 
Cumulative 
Time, min CHC13 CHC12Br CHClBr2 CHBr3 
21 95 48 50 53 
60 102 51 53 57 
131 92 47 50 54 
Average 96 49 51 55 
St. Dev. 5.13 2.08 1.73 2.08 
Table 4-8 
Initial Concentration Measurements of 50-psi Continuous Flow 
Experiments (in ppb) 
Cumulative 
Time, min CHC13 CHC12Br CHClBr2 CHBr3 
20.8 92 44 46 45 
54.8 83 41 44 45 
121.8 75 38 42 42 
Average 83 41 44 44 
St. Dev. 8.50 3.00 2. 00 1.73 
The reason for the divergence of the continuous-flow 
removals from the batch removals at an air/water ratio of 
about 40 was not definitively discovered. A potential 
reason for this divergence is a difference in air-phase 
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Figure 4-9: Batch v. Continuous System Removal Data 
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data would be helpful in explaining this phenomenon; 
however, explaining this was not a high priority in the 
objective of this research. Instead, it was decided that 
fitting a predictive model to this data would suffice in 
the investigation. 
4.2.3. Continuous-Flow THM Removal Predictive Model 
Matter-Miiller et. al. (1981) suggest a mathematical model 
to predict VOC removals in a continuous-flow system 
according to whether the air is completely saturated or not 
saturated with the VOC of interest. With THM's in the 
current experiment, the air was found to be saturated and 
the resulting model is depicted in Equation ( 36 ). 
%Removal > 1 — 
1 + QJL 
Ql 
( 36 ) 
x 100 
The predicted removals from Equation ( 36 ) can be compared 
to the continuous-flow trihalomethane removal data in 
Figure 4-9 by inserting the appropriate air flowrate, water 
flowrate, and Henry's Law Constant from Table 4-6. The 
actual versus predicted comparison for 25-psi and 50-psi 
with 9-L/min air continuous flow aeration experiments is 
displayed in Figure 4-10. The predictive model performs 
reasonably well compared to the actual data, with only two 
data points differing by more than 15%. The percent 
differences between the actual removals and predicted 
removals are shown in Table 4-9. 
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Table 4-9 
Percent Differences Between Actual Removals and Predicted 
Removals for the Continuous-Flow System (Differences >15% in 
bold) 
A/W CHC13 CHC12Br CHClBr2 CHBr3 
25-psi 
34 7.98% 7.27% 2 .54% 9.13% 
41 3.86% 2. 62% 0.83% 7. 63% 
56 6.87% 6.98% 1.46% 3.46% 
72 0.70% 0.57% 2.70% 2.38% 
118 4.22% 3.93% 1.01% 2.05% 
50-psi 
34 1.23% 11.88% 23.33% 21.23% 
41 3.46% 0.91% 10.17% 9.29% 
56 8.46% 8. 63% 7.63% 12.13% 
72 3.31% 2.62% 0.94% 4.65% 
118 3.10% 4.33% 1.11% 0.56% 
Since a key assumption of the Matter-Muller model is that 
the air-phase is completely saturated, the close fit of the 
data with this model verifies the assumption that the 
continuous-flow system is at equilibrium. In addition, the 
ability of the model to predict the experimental data 
verifies the accuracy of the Henry's Law Constants at 25-
psi and 50-psi that were calculated with the batch 
experiments. Therefore, since atmospheric Henry's Law 
Constants were verified with literature and 25-psi and 50-
psi Henry's Law Constants were verified with continuous-
flow data, only the accuracy of the 70-psi Henry's Law 
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Figure 4-10: Continuous Model Predictions 
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5. CONCLUSIONS AND RECOMMENDATIONS 
5.1. Conclusions 
From the results of this research, the following 
conclusions can be made concerning pressurized diffused 
aeration of trihalomethanes: 
1) System pressure is just as important of a design 
variable as the air/water ratio. 
2) Higher air/water ratio's are required to achieve the 
same removal at higher pressures relative to 
atmospheric pressure. However, the impact of pressure 
on removals diminished as pressure increased. 
3) For the batch aeration system, total trihalomethane 
removals of ~80% were observed at an air/water ratio 
of up to 120 and pressures of 50-70 psig. Even for 
chloroform, the most strippable trihalomethane, an 
air/water ratio of up to 52 was required to achieve 
removals greater than 80% at pressures of 50-70 psig. 
4) Henry's Law Constant is influenced by pressure as a 
second-order relationship, likely due to the fact that 
pressure influences both the solubility of 
trihalomethanes and the volumetric air flow rate. 
5) A second-order rate constant can be calculated 
experimentally for each THM species. 
6) Diffused aeration under pressurized conditions can 
result in the air reaching equilibrium with the THM 
species, allowing the application of Henry's Law. 
However, equilibrium conditions must be verified for 
each future system's conditions in order to apply 
Henry's Law to it also. 
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7) Predictive THM removal models for A/W ratios up to 120 
and pressures up to 70-psig were reasonably verified 
for both a batch system and a continuous-flow system. 
In summary, a significant outcome of this research is the 
proposed model to predict Henry's Law Constants at 
pressures typical of water distribution systems. The two 
model parameters required, an atmospheric Henry's Law 
Constant and a rate constant, can be calculated and are 
provided in reference tables. With appropriate Henry's Law 
Constants at desired pressures, accurate trihalomethane 
removal predictions can be made. This makes design of 
pressurized diffused aeration systems a straightforward and 
readily acceptable process. 
5.2. Recommendations for Further Research 
Comparing the proposed model with additional independent 
data is recommended in order to provide a more thorough 
validation. A pilot scale study would also be advantageous 
in the development of a pressurized aeration technology. 
The results of this research have presented some 
foreseeable challenges in implementing an in-line 
continuous-flow aeration technology within a water 
distribution system. Some considerations for the 
development of such a technology include: 
o Reactor dispersion may be needed as an additional 
design parameter. 
o Keeping the water in such a system while letting 
excess air escape will be a challenge. Some 
approaches include: 
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• Headspace Approach - Use of an actuated 
valve to maintain a consistent water level. 
Adjusting the water level in the experiments 
of this research was performed manually by 
manipulating a gate valve in the effluent 
water line. 
• Membrane Approach - Use of a hydrophobic 
membrane that repels water and passes air. 
Pall Corporation's Emflon® PTFE Membrane is 
one such product. 
o Potential implementation points of such a system 
within a distribution system: 
• Hydropneumatic storage tank 
• Pumping station 
o Adding air within a distribution system could 
cause operational issues, such as cavitation 
within the system and milky water at the tap. 
o A demistor may also be required for off-gas, 
since misting can be displeasing aesthetically to 
a community and may cause icing problems, 
o Treatment of trihalomethane off-gases may be 
required, depending on the situation. Metcalf & 
Eddy (2005) discuss methods of treatment for VOC 
off-gases. 
A conceptual design of a horizontally oriented in-line 
pressurized aeration system has been created by the New 
England Water Treatment Technology Assistance Center 
(NEWTTAC) at UNH as a continuation of this research 
project. A schematic of the conceptual design is shown in 
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Figure 5-1. The horizontal orientation may be more relevant 
to full-scale applications. 
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Figure 5-1: Horizontal In-line Pressurized Aeration Reactor 
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Appendix A: List of Symbols 
a = specific interfacial surface area, L2/L3 
Ab = Bubble surface area, L2 
Ce = Effluent concentration 
Co = Initial concentration 
CG = Bulk gas phase concentration, mol/m3 
Cg = Concentration in gas film at air-water interface 
Cg* = Hypothetical concentration in gas film at air-water 
interface 
CL = Bulk liquid concentration, mol/m3 
Ci = Concentration in liquid film at air-water interface 
Ci* = Hypothetical concentration in liquid film at air-water 
interface 
Hpc = Henry's Law Constant, atm*m3/mol 
Cc  mg/L Hcc = Henry's Law Constant = —— = = (-) 
CL rng/L 
y mol/mol . . 
Hyx = Henry's Law Constant = — = = (-) 
x mol / mol 
K l = Overall mass transfer coefficient, L/T 
kg = Gas phase mass transfer coefficient, L/T 
ki = Liquid phase mass transfer coefficient, L/T 
n = Number of moles 
N a = Mass flux of solute, ML2/T 
P = Pressure, F/L2 
QG = Gas flow rate 
R = Universal Gas Constant = 82.06xlCT6 atm*m3/mol 
T = Temperature 
t = Time 
ub = Bubble rise velocity, m/min 
Vb = Volume of an air bubble 
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Volume of gas 
Liquid volume, L3 
Water volume 
Liquid-phase mole fraction, mol/mol 
Gas-phase mole fraction, mol/mol 
Submergence, m 
Appendix B: Pressurized Batch System 
Experimental Procedures 
Materials 
1 - 4000 mL Erlenmeyer flask 
125 mL Erlenmeyer flasks 
25 mL graduated cylinder 
100 mL glass pipette 
1.0 mL gas-tight syringe (glass barrel) 
Auto-pipetter 
Magnetic stirrer and stir bar 
2-5 gallon buckets 
Stopwatch 
Cleaning Procedures 
1) Rinse all glassware and stir bar with Alcanox/DI water 
solution. 
2) Flush syringe with methanol before and after each use 
3) Pump Alcanox/DI water solution through reactor before 
the first experimental run, between experimental runs, 
and after the last experimental run. Rinse thoroughly 
with DI water. 
Experimental Procedures 
1. Label all glassware and samples 
2. Measure 4.0-L DI water in 4-L Erlenmeyer flask 
3. Using 1-mL syringe, extract 1.0-mL THM stock solution 
(1.0-g/L TTHM) from a storage vial and inject into 4-L 
Erlenmeyer flask containing DI water. Make sure the 
needle tip is below the fluid surface when injecting. 
4. Mix solution in 4-L Erlenmeyer flask for 20 minutes, 
making sure to minimize the vortex at the fluid 
surface. The magnetic stirring apparatus used was set 
to level 1. Resulting solution is 'challenge volume' 
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consisting of 100-ppb CHC13, and 50-ppb each of 
CHC12Br, CHClBr2, and CHBr3. 
5. For an initial concentration before transfer, take a 
sample from the challenge volume at this point using 
100-mL pipette. 
6. Transfer the challenge volume into the reactor with a 
peristaltic pump. Pump until fluid surface in reactor 
is within 2-3 inches from the top (-2.7-L in reactor). 
Take care to minimize fluid disturbance and exposure 
to air by pumping at a minimum speed and by using 
minimum tubing for transfer. 
7. For an initial concentration after pumping, take a 
sample from this volume in the reactor. This includes 
losses due to volatilization, adsorption, etc. during 
pumping. 
8. Drain the challenge volume in the reactor through the 
sampling port until 2.3-L of challenge volume is left 
in the reactor. 
9. Pressurize reactor to desired pressure by allowing 
compressed air to enter the top of the reactor and 
adjusting the air relief valve. 
10.Begin aerating at desired flow rate by shutting the 
top air valve and opening the bottom air valve 
connected to the diffuser. Adjust flow rate with 
manual knob on rotameter. Begin stopwatch when air 
valve is opened. 
11.At desired sampling times, drain and discard 
approximately 4 0-mL from sampling port before taking 
sample. This evacuates any water left over in the 
sampling pipe from the last sampling time. 
1. Take samples through sampling port into 125-mL 
Erlenmeyer flask. Let dissolved air in sample 
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equilibrate with atmosphere to prevent bubble 
formation in sample vials. Transfer samples to final 
40-mL sample vials using 50-mL glass pipettes and 
autopipetter. 
Notes 
• pH and temperature were monitored for various samples. 
pH was ~6.0 for all samples, and temperature before 
mixing was 28°C and 22°C after 30 minutes of aeration. 
• Challenge volume dilution was performed under a fume 
hood. 
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Appendix C: Pressurized Continuous-Flow 
System Experimental Procedures 
Materials 
20 L Plastic carboys 
1 - 5 mL glass pipette 
50 mL glass pipettes 
Autopipetter 
125 mL Erlenmeyer flasks 
Magnetic stir plate and stir bar 
Stopwatch 
Cleaning Procedures 
1. Clean all glassware and plasticware with Alcanox/DI 
water solution and rinse thoroughly. 
2. Run Alcanox/DI water solution through experimental 
apparatus and rinse thoroughly. 
Experimental Procedures 
2. Label all glassware and samples. 
3. Mix challenge volume by filling carboys with 15-L DI 
water each, then adding 4.5-mL of TTHM stock solution 
(1.0-g/L) to each carboy, and mixing for 30 minutes on 
magnetic stir plate. Target concentration is 300-ppb 
TTHM (120-ppb CHC13 and 60-ppb each of CHC12Br, 
CHClBr2, and CHBr3). 
4. Fill reactor with challenge volume using peristaltic 
pump. 
5. Open air valve and adjust to desired air flowrate. 
6. Adjust proportional air relief valve to desired 
pressure. 
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7. Set peristaltic pump to desired water flowrate and let 
run for 1.5 hydraulic residence times (reactor volume 
divided by water flowrate) before taking sample. Take 
initial concentration sample out of the appropriate 
sampling port when desired (see diagram of pressurized 
continuous-flow aeration apparatus in Figure 3-5). The 
following are procedures and sampling times for 9-
L/min air, 50-psi runs: 
a. Fill reactor with challenge volume. 
b. Open air valve and adjust to 9-L/min and 50-psi. 
c. Set pump to 300-mL/min water and let run for 12.5 
minutes (2.5-L/300-mL/min x 1.5). 
d. Take initial concentration and effluent samples. 
e. Reduce water flow to 250-mL/min and let run for 
15 minutes. 
f. Take effluent sample. 
g. Reduce water flow to 200-mL/min and let run for 
18.75 minutes. 
h. Take initial concentration and effluent samples. 
i. Reduce water flow to 150-mL/min and let run for 
25 minutes. 
j. Take effluent sample. 
k. Reduce water flow to 90-mL/min and let run for 42 
minutes. 
1. Take initial concentration and effluent samples. 
8. Take all samples directly from influent and effluent 
sampling ports in a 125-mL Erlenmeyer flask. Let 
dissolved air equilibrate with atmosphere to prevent 
bubble formation in sample vials, and transfer samples 




• Temperatures of challenge volumes were 24°C before 
pumping and 22°C after aeration. 
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Appendix D: Experimental Apparatus Dimensions 
2 5 - L  
?. 3^1 
7.5cm ID, 9.0m [ID 




Figure 7 - 2 :  Experimental Apparatus Dimensions 
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Appendix E: THM Stock Solution Dilution 
Procedures 
Results in 1.0-L of 1.0-g/L THM stock solution - 40% 
Chloroform, 20% Bromodichloromethane, 20% 
Dibromochloromethane, 20% Bromoform. 
Materials 
1-125 mL Erlenmeyer flask (glass) 
1-1000 mL Erlenmeyer flask (glass) 
1 - glass funnel 
1 - 20 mL glass pipette 
72-8 ML amber glass vials with Teflon-lined screw caps 
1-500 JJL glass-barreled, air-tight syringe 
3-100 JJL glass-barreled, air-tight syringe 
Autopipetter 
Magnetic stir plate with stir bar 
1.0 L HPLC grade Methanol (MeOH) and additional MeOH for 
flushing syringes and pipettes 
HPLC grade reagents - chloroform, bromodichloromethane, 
dibromochloromethane, bromoform 
Cleaning Procedures 
1) Clean all glassware and stir bar with DI water and 
Alcanox, and rinse thoroughly. 
2) Flush syringes with MeOH before and after each use. 
Dilution Procedures 
1. Place stir bar in 1000-mL Erlenmeyer flask. 
2. Measure 1000-mL MeOH into 1000-mL flask. 
3. Extract 60-mL of this MeOH from the 1000-mL flask and 
place it in the 125-mL Erlenmeyer flask. 
7-11 
4. Cover the flasks containing MeOH to prevent 
evaporation. 
5. Obtain the 500-jiL syringe. Fill the syringe with new 
MeOH to 200- JJL mark. Without discarding this MeOH, 
fill the syringe with chloroform to 470-jaL mark 
(adding 270-yL of chloroform to the syringe). Inject 
the contents of the syringe into the 125-mL flask 
containing MeOH, making sure the needle tip is below 
the fluid surface when injecting. 
6. Swirl flask gently. 
7. Repeat steps 5 and 6 with the remaining reagents and 
the following volumes. Use a different syringe for 
each reagent. 
a. Bromodichloromethane - fill 100-]iL syringe with 
50-pL MeOH and 50-iiL bromodichloromethane. Repeat 
this step to add 100-pL total of 
bromodichloromethane. 
b. Dibromochloromethane - fill 100-]jL syringe with 
20--)jL MeOH and 80-jjL dibromochloromethane. 
c. Bromoform - fill 100-pL syringe with 30-|iL MeOH 
and 70-yL bromoform. 
8. Pour contents of 125-mL flask into 1000-mL flask 
containing 940-mL MeOH and stir bar. Cover flask. 
9. Mix contents of 1000-mL flask with magnetic plate for 
35 minutes under fume hood. 
10. Fill seventy-two 8-mL vials with contents of 1000-mL 
flask, and cap. 
11. Place vials in freezer at -10°C for storage until use. 
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Notes: 
1) MeOH was used in combination with each THM in order to 
"flush" out the THM from the syringe. 
2) Zero headspace is desired in 8-mL vials; however, zero 
headspace could not be achieved in the vials, likely 
due to the low surface tension of MeOH or its ability 
to contract at low temperatures. Having headspace in 
the vials is not an issue as long as significant THM 
losses are not observed in batch concentrations. 
3) All dilution procedures were performed under a fume 
hood. 
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Appendix F: Raw Experimental Data 
CONCENTRATIONS, PPB 
Sampling 
NO. SAMPLE ID* Date CF BDCM DBCM BF TTHM 
1 1-R1 103 55 44 44 243 
2 1-R2 102 55 45 43 243 
3 2-R1 
4/4/11 
104 57 45 44 246 
4 2-R2 103 57 46 44 247 
5 3-R1 100 55 45 43 243 
6 3-R2 104 58 46 45 249 
7 4-CO-Before 118 65 52 50 287 
8 4-25-3-10 43 35 35 39 152 
9 4-25-3-20 17 21 27 33 98.0 
10 4-25-3-30 5.8 12 20 28 65.8 
11 5-CO-Before 122 67 55 58 300 
12 5-CO-After 4/20/11 109 58 46 43 256 
13 5-25-3-30 8.0 14 21 29 72.0 
14 6-CO-Before 120 65 52 51 288 
15 6-25-3-30 5.8 12 20 28 65.8 
16 7-CO-Before 120 65 51 49 285 
17 7-25-3-30 5.9 12 20 28 65. 9 
18 8-CO-After 123 65 50 45 280 
19 8-CO-AfterB 123 65 50 46 284 
20 8-25-3-10 47 38 37 39 161 
21 8-25-3-20 19 23 28 34 104 
22 8-25-3-30 5/2/11 7.9 14 23 30 74 . 9 
23 9-CO-After 120 64 49 45 278 
24 9-25-3-10 49 38 37 40 164 
25 9-25-3-20 19 23 29 35 106 
26 9-25-3-30 7.3 14 22 30 73.3 
27 lO-CO-Before 96 45 46 42 229 
28 lO-CO-After 74 35 34 29 172 
29 10-25-3-10 
5/16/11 
36 25 31 30 122 
30 10-25-3-20 15 15 23 26 79.0 
31 10-25-3-30 5.9 9.6 19 24 58.5 
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110 57 69 
5.9 5.2 15 
<0.5 <0.5 3.1 
<0.5 <0.5 
111 58 70 
17 19 37 
2.9 7.5 23 
6/23/11 
=0.5 2.9 13 
115 6 0  74 
33 30 48 
9.9 15 33 
3.1 i.O 24 
114 60  74 
37 32 50 
14 18 36 
5.4 11 2 8  
CONCENTRATIONS, PPB 
Sampling 
NO. SAMPLE ID* Date CF BDCM DBCM BF TTHM 
71 20-C0-After 
7/28/11 
109 56 55 58 278 
72 20-70-6-10 25 26 40 42 133 
73 20-70-6-20 14 17 30 41 102 
74 20-70-6-30 5.6 9.4 21 31 67 
75 21-C0-After 
8/23/11 
103 53 56 37 249 
76 21-70-6-10 35 28 38 29 130 
77 21-70-6-20 13 17 29 24 83.0 
78 21-70-6-30 5.1 10 21 20 56.1 
79 22-C0-W300 
10/24/11 
92 44 46 45 227 
80 22-50-9-W300 34 25 33 37 129 
81 22-50-9-W250 29 21 30 35 115 
82 22-C0-W200 83 41 44 45 213 
83 22-50-9-W200 20 16 24 30 90 
84 22-50-9-W150 19 15 23 30 87 
85 22-C0-W90 75 38 42 42 197 
86 22-50-9-W90 12 9.8 17 24 62.8 
87 23-C0-W300 
12/11/11 
95 48 50 53 246 
88 23-25-9-W300 25 20 30 39 114 
89 23-25-9-W250 24 19 28 37 108 
90 23-CO-W200 102 51 53 57 263 
91 23-25-9-W200 16 14 24 34 88 
92 23-25-9-W150 17 14 22 32 85 
93 23-C0-W90 92 47 50 54 243 
94 23-25-9-W90 7.7 7.8 15 24 54 .5 
*SAMPLE ID Naming convention 
• ##-CO-Before/After denotes initial concentration of 
batch number, ##, before or after pumping into the 
reactor. 
• ##-C0-W### = [Batch Number]-CO-W[Water Flowrate in 
mL/min]: denotes initial concentration of a 
continuous flow runs, taken at a sampling port after 
the pump and before entering the reactor. See Figure 
3-5. 
• ##-##-##-## = [Batch Number]-[Pressure in psig]-[Air 
Flowrate in L/min]-[Time in minutes] of batch volume 
experiment. 
• ##-##-##-W### = [Batch Number]-[Pressure in psig]-[Air 
Flowrate in L/min]-W[Water Flowrate in mL/min] of 
continuous flow experiments. 
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Appendix G: Percent Removal Data 
All data collected in batch and continuous experiments: 
Initial Concentrations, ppb, and %Removal 
No. Sample ID* CF BDCM DBCM BF TTHM 
34 11-C0-After 102 53 59 41 253 
35 11-0-3-10 86.3% 73.6% 54.2% 36.6% 68.0% 
36 11-0-3-20 98.7% 93.2% 79.7% 56.1% 86.2% 
37 11-0-3-30 >99.5% 97 . 9% 89.8% 70. 7% 92.5% 
55 16-CO-After 110 57 69 50 286 
56 16-0-6-10 94 . 6% 90.9% 78.3% 58.0% 83. 5% 
57 16-0-6-20 >99.5% >99.5% 95.5% 80.4% 95.5% 
58 16-0-6-30 >99.5% >99.5% 98.8% 88 . 4% 97.7% 
38 12-CO-After 102 53 60 42 255 
39 12-0-9-10 92.7% 91.9% 85.7% 69. 0% 86.9% 
40 12-0-9-20 >99.5% >99.5% 98.3% 87.1% 97.5% 
41 12-0-9-30 >99.5% >99.5% >99.5% 91.7% 98.6% 
12 5-C0-After 109 58 46 43 256 
13 5-25-3-30 92.7% 75.9% 54.3% 32. 6% 71.9% 
18 8-C0-After 123 65 50 45 280 
20 8-25-3-10 61.8% 41.5% 26.0% 13. 3% 42.5% 
21 8-25-3-20 84 . 6% 64 . 6% 44 . 0% 24 .4% 62. 9% 
22 8-25-3-30 93. 6% 78.5% 54.0% 33.3% 73.3% 
23 9-CO-After 120 64 49 45 278 
24 9-25-3-10 59.2% 40.6% 24 . 5% 11.1% 41.0% 
25 9-25-3-20 84.2% 64 .1% 40.8% 22.2% 61.9% 
26 9-25-3-30 93. 9% 78.1% 55.1% 33.3% 73.6% 
28 lO-CO-After 74 35 34 29 172 
29 10-25-3-10 51.4% 28.6% 8.8% -3.4% 29.1% 
30 10-25-3-20 79.7% 57.1% 32.4% 10. 3% 54.1% 
31 10-25-3-30 92.0% 72.6% 44.1% 17.2% 66.0% 
67 19-C0-After 114 60 74 55 303 
68 19-25-3-10 67.5% 46.7% 32.4% 21.8% 46.5% 
69 19-25-3-20 87.7% 70.0% 51.4% 36. 4% 66.0% 
70 19-25-3-30 95.3% 81.7% 62.2% 43. 6% 75.1% 
59 17-C0-After 111 58 70 52 291 
60 17-25-6-10 84 . 7% 67.2% 47 .1% 30.8% 62.5% 
61 17-25-6-20 97.4% 87.1% 67.1% 46.2% 78.9% 
62 17-25-6-30 =99.5% 95.0% 81.4% 59.6% 87.1% 
43 13-C0-After 102 54 61 44 261 
44 13-25-9-10 93.7% 82.2% 62.3% 43.2% 75.5% 
45 13-25-9-20 >99.5% 96.3% 84 .8% 63. 6% 89.5% 
46 13-25-9-30 >99.5% >99.5% 93.6% 77.3% 94 .7% 
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Initial Concentrations, ppb, and %Removal 
No. Sample ID CF BDCM DBCM BF TTHM 
47 14-CO-After 110 54 61 42 267 
48 14-50-3-10 46.4% 27.8% 19.7% 11. 9% 31.1% 
49 14-50-3-20 69.1% 46.3% 29.5% 14 . 3% 46.8% 
50 14-50-3-30 81.8% 59.3% 41.0% 23.8% 58.8% 
63 18-C0-After 115 60 74 54 303 
64 18-50-6-10 71.3% 50.0% 35.1% 22.2% 49.5% 
65 18-50-6-20 91.4% 75.0% 55.4% 37 . 0% 69.7% 
66 18-50-6-30 97.3% 86.7% 67.6% 46.3% 78.8% 
51 15-CO-After 104 54 63 44 265 
52 15-50-9-10 83.7% 64 .8% 47 . 6% 31.8% 62. 6% 
53 15-50-9-20 97. 6% 87.8% 71.4% 50.0% 81.5% 
54 15-50-9-30 >99.5% 95.2% 82.5% 61.4% 88.5% 
71 20-C0-After 109 56 55 58 278 
72 20-70-6-10 77.1% 53.6% 27.3% 27. 6% 52.2% 
73 20-70-6-20 87.2% 69. 6% 45.5% 29.3% 63.3% 
74 20-70-6-30 94 . 9% 83.2% 61.8% 46.6% 75. 9% 
75 21-C0-After 103 53 56 37 249 
76 21-70-6-10 66.0% 47.2% 32.1% 21. 6% 47.8% 
77 21-70-6-20 87.4% 67.9% 48.2% 35.1% 66.7% 
78 21-70-6-30 95.0% 81.1% 62.5% 45.9% 77. 5% 
79 22-C0-W300 92 44 46 45 227 
80 22-50-9-W300** 58 . 9% 38.8% 24 . 9% 15.8% 39.0% 
81 22-50-9-W250" 65.0% 48.6% 31.7% 20.4% 45.7% 
82 22-C0-W200 83 41 44 45 213 
83 22-50-9-W200** 75.8% 60.8% 45.4% 31. 7% 57.5% 
84 22-50-9-W150** 77.0% 63.3% 47.7% 31. 7% 58.9% 
85 22-C0-W90 75 38 42 42 197 
86 22-50-9-W90" 85.5% 76.0% 61.3% 45.4% 70.3% 
87 23-C0-W300 95 48 50 53 246 
88 23-25-9-W300** 74.0% 58.9% 41.1% 28.6% 54.5% 
89 23-25-9-W250" 75. 0% 60.9% 45.1% 32.3% 56.9% 
90 23-C0-W200 102 51 53 57 263 
91 23-25-9-W200" 83.4% 71.2% 52.9% 37.7% 64 . 9% 
92 23-25-9-W150** 82.3% 71.2% 56.8% 41.4% 66.0% 
93 23-C0-W90 92 47 50 54 243 
94 23-25-9-W90" 92.0% 84.0% 70.6% 56.1% 78.2% 
NOTES 
*SAMPLE ID Naming convention 
• ##-CO-Before/After denotes initial concentration of 
batch number, ##, before or after pumping into the 
reactor. 
• ##-C0-W### = [Batch Number]-CO-W[Water Flowrate in 
mL/min]: denotes initial concentration of a 
continuous flow runs, taken at a sampling port after 
the pump and before entering the reactor. See Figure 
3-5. 
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• ##-##-##-## = [Batch Number]-[Pressure in psig]-[Air 
Flowrate in L/min]-[Time in minutes] of batch volume 
experiment. 
• ##-##-##-W### = [Batch Number]-[Pressure in psig]-[Air 
Flowrate in L/min]-W[Water Flowrate in mL/min] of 
continuous flow experiments. 
**Percent removals calculated with each initial 
concentration from C0-W300, C0-W200, and C0-W90, and an 
average and standard deviation were calculated. 
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Data for A/'W versus ^Removal figures: 
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Appendix H:Analysis of Variance 









CF BDCM DBCM BF 
1 0 3 10 86.3 73.6 54.2 36. 6 
2 0 3 20 98.7 93.2 79.7 56.1 
3 0 3 30 99.5 97.9 89.8 70.7 
4 0 6 10 94 . 6 90.9 78.3 58.0 
5 0 6 20 99.5 99.5 95.5 80.4 
6 0 6 30 99.5 99.5 98.8 88.4 
7 0 9 10 92.7 91.9 85.7 69.0 
8 0 9 20 99.5 99.5 98.3 87.1 
9 0 9 30 99.5 99.5 99.5 91.7 
10 25 3 10 60.0 39.4 22. 9 10.7 
11 25 3 20 84 .1 64 .0 42.2 23.3 
12 25 3 30 93.5 77.4 53. 9 32 .0 
13 25 6 10 84.7 67.2 47.1 30.8 
14 25 6 20 97.4 87.1 67.1 46.2 
15 25 6 30 99.5 95.0 81.4 59.6 
16 25 9 10 93.7 82.2 62.3 43.2 
17 25 9 20 99.5 96.3 84.8 63.6 
18 25 9 30 99.5 99.5 93. 6 77.3 
19 50 3 10 46.4 27 .8 19.7 11.9 
20 50 3 20 69.1 46.3 29.5 14.3 
21 50 3 30 81.8 59.3 41.0 23.8 
22 50 6 10 71.3 50.0 35.1 22.2 
23 50 6 20 91.4 75.0 55. 4 37.0 
24 50 6 30 97.3 86.7 67. 6 46.3 
25 50 9 10 83.7 64.8 47. 6 31.8 
26 50 9 20 97 . 6 87 .8 71.4 50.0 
27 50 9 30 99.5 95.2 82.5 61.4 
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ANOVA Table for Dibromochloromethane 
SS df MS SS' %Contribution 
to Variability 
Pressure 634 2 634 627 44.5% 
AirFlow 373 2 373 366 26.0% 
AirTime 336 2 336 329 23.3% 
Error 20 3.32 6.2% 
TOTAL 1410 26 
Notes: 
ANOVA was performed on omega-transformed data. 
ANOVA Table for Bromoform 
SS df MS SS' %Contribution to Variability 
Pressure 315 2 315 314 44.0% 
AirFlow 236 2 236 235 32. 9% 
AirTime 152 2 152 151 21.1% 
Error 20 0.495 2.0% 
TOTAL 713 26 
Notes: 
ANOVA was performed on omega-transformed data. 
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Conclusion: Three data points could not be achieved at 9-
LPM, therefore HLCCF,25psi is average of 3-LPM and 6-LPM 
HLC's. HLCCF,25PSI= 0.0699 with standard deviation of 
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Conclusion: HLC is average of all three. HLCCF,50psi= 0.0456 
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Conclusion: HLC is average of all three. HLCBDCM,25psi= 0.0395 
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Conclusion: HLC is average of all three. HLCDBcM,opsi= 0.0570 
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Conclusion: HLC is average of all three. HLCdbcm^sps^ 0.0219 
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Conclusion: HLC is average of all three. HLCDBCM,50psi= 0.014 6 




Concentrations , ppb 
Time Avq 
min B20 B21 -In(C/C0) 
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20 30 29 0.632 
30 21 21 0. 972 
H 
slope x V 0.0324min 1 x 2.3 -L 
G =  6-LPM 
= 0.0124 
1 . 2  r -






DBCM, 70-psi, 6-LPM 
y=0.0324x,/=0.997 
IX 
0 i 10 15 20 25 :-0 
Time, *iin 






min PPb -ln(C/C0) 
0 41 0 
10 26 0.455 
20 18 0. 823 
30 12 1.229 
H = slope x V _ 0.0413min 
1x2.3-£ 
















5 10 15 20 25 30 36 
Time, min 
6-LPM 
Time Concentration 2.3 ~ 
min ppb -ln(C/C0) 2.0 -• 
0 50 0 
10 21 0.868 
S 
1.6 \ 
20 9.8 1.630 
30 5.8 2.154 0 jjT 1 0 -« 
05 i 





min ppb -ln(C/C0) 3.0 r 
0 42 0 
10 13 1.173 
* 9 j 
20 5.4 2.051 2.0 « 
30 3.5 2.485 8 1 5 -| 0 | 
£ 1,0 i 
„ slope xV 0.0909min'x 2.3 -L H = —- = = 0.0232 « - !  
G 9-LPM 0.0 4 
i 
Conclusion: HLC is average of all three. 
BF, 0-psi, 6-LPM 
y=0-0756x, ^=0.985 
/ 
0 5 10 15 20 26 30 35 
Time, min 
BF, 0-psi, 9-LPM 
y=0.0909x. r*=0.949 
—I 
36 0 5 10 15 20 25 30 
Time, min 






min B5 B8 B9 B10 B19 
0 43 46 45 29 55 
10 - 39 40 30 43 
20 - 34 35 26 35 














slope x V _ 0.0134min x23-L 




min PPb -In(C/C0) 
0 52 0 
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Conclusion: HLC is average of all three. HLCBF,25psi= 0.0116 
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Conclusion: HLC is average of all three. HLCBF,50psi= 0.00786 
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Conclusion: HLCBF,70psi= 0.00801 with no obtainable standard 
deviation. 
7-38 
Appendix J: Tracer Study Procedures 
Supplies 
3 oz. plastic Dixie™ cups (do not use paper) 
2-L Erlenmeyer flask for tracer volume 
Conductivity meter 
Stopwatch 
Tracer = 100 mg/L NaCl 
Procedures 
1) Fill reactor with DI water and establish desired water 
and air flowrates. 
2) Switch inlet hose to tracer volume at 0:00 (min:sec), 
and switch back to ID water when 300 mL of tracer has 
entered the reactor. 
3) Take samples at desired intervals and measure TDS 
concentration using conductivity meter. 
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Appendix K: Tracer Study Data 




min:sec 300 mL/min 
0:00 0. 47 
1:30 0. 51 
2:00 0. 46 
2:30 0. 79 
3:00 3. 34 
3:30 11 .44 
4:00 14 . 54 
4:30 15 .70 
5:00 15 .89 
5:30 15 .84 
6:00 15 .50 
7 : 00 14 . 84 
8:00 12 .51 
9:00 10 . 64 
10:00 8. 02 
11:00 6. 10 
12:00 4 . 93 













20:00 7 . 99 
25:00 6.23 
30:00 5. 24 
35:00 4.00 




3 L/min Air, 50 psi, 300 
Time, min:sec 



















































9 L/min Air, 50 psi 
Tracer Concentration, mg/L 
Time 
min:sec 300 mL/min 250 mL/min 200 mL/min 150 mL/min 90 mL/min 
0:00 0. 64 0. 66 0.73 0. 59 0. 64 
0:15 0. 60 0. 68 0. 71 -
0:30 0. 60 0. 69 0.61 0. 65 0. 62 
0:45 0. 70 0. 64 0. 66 -
1:00 2. 43 3. 28 1.74 1. 14 0.64 
1:15 3. 73 5. 37 2.71 1. 92 -
1:30 6. 91 6. 90 4 .08 2. 82 0.94 
1:45 10 .01 8 . 97 5.42 4 . 01 -
2:00 11 .18 10 .53 7.08 5. 49 1.78 
2:15 11 .47 11 . 10 8.18 6. 14 -
2:30 11 .33 11 .19 8.29 6. 76 2. 95 
2:45 11 . 15 11 .00 8.38 7. 01 -
3:00 10 .75 10 .81 8.34 7 . 04 4.17 
3:30 10 . 11 10 .36 8.35 6. 97 4 . 59 
4:00 9. 74 9. 72 7.91 6. 76 4.76 
5: 00 8 . 08 8. 72 7.30 6. 41 4.70 
6:00 7 . 18 7 . 88 6.70 6. 07 4 . 62 
7:00 6. 30 7 . 08 6.25 5. 76 4.48 
8:00 5. 56 6. 46 5.79 5. 42 4.31 
9:00 4 . 90 5. 82 5.56 5. 20 4.19 
10:00 4 . 25 5. 25 4 . 94 4 . 85 4.12 
11:00 3. 79 4 . 73 4.69 4 . 61 3. 92 
12:00 3. 42 4 . 34 4.40 4 . 38 3.84 
13:00 3. 06 3. 97 4 . 04 4 . 15 3.73 
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